The southern cattle tick, Rhipicephalus (Boophilus) microplus, the horn fly, Haematobia irritans, and the New World screwworm, Coch!iomyia hominivorax, are economically important parasites of cattle throughout the world. Understanding the biology and genomics of these pests is critical to developing novel control methods. We developed EST sequence databases for these parasites and used bioinformatic analysis to identify conceptual open reading frames and assigned Gene Ontology (GO) terms to those database transcripts that had informative BlastX hits. Bioinformatic analysis showed that a large fraction of the tick database entries have no clear matches in other sequenced genomes. Several putative tick G protein-coupled receptors (GPCR5) were identified that might serve as starting points to develop novel control technologies.
INTRODUCTION
Rhipicephalus (Boophilus) microplus, the tropical or southern cattle tick, is one of the most economically important tick vectors of pathogens that affect the global cattle population [1] . The tick transmits protozoan (Babesia bovis and Babesia bigemina) and bacterial (Anaplasma marginale) organisms that cause babesiosis and anaplasmosis, which can result in severe agricultural losses in milk and beef production and restriction in traffic of livestock. The United States (US) Department of Agriculture (USDA) led a campaign in the mid-20th century that eradicated the tick from the US [2] . The tick remains prevalent in Mexico and, since over a million cattle are imported annually into the US from Mexico, an extensive USDAquarantine program is in place to keep Boophilus ticks from re-establishing in the US. cattle in the US. For pastured cattle production, annual economic losses due to horn fly damage have been estimated at $876 million [3] . Fly control is based upon the treatment of cattle with insecticides, and insecticide resistance has reduced the ability of cattle producers to control horn flies, thereby impacting the profitability of their operations.
The New World screwworm, Cochliornyia horn inivorax, was a devastating pest of livestock and other animals, including humans, throughout the US, Mexico and Central America. The female fly deposits its eggs at a wound site and the larval stage feeds on living tissue. During periods of heavy fly infestation and oviposition, death of the affected animal will often ensue without human intervention. In the 1950s, annual losses to the US livestock industry topped $120 million [2] . Although eradicated from North America, the screwworm still is a pest in SouthAmerica and the Caribbean. Reinfestation of North America is prevented by a sterile male release program conducted in Panama.
The development of expression sequence tag (EST) databases for these three cattle pests was undertaken to facilitate molecular studies to further the development of novel control methods to help maintain the profitability of livestock operations in the US.
MATERIALS AND METHODS
The construction of an R. microplus normalized cDNA library, generation of ESTs, and assembly into the R. microplus gene index has been described [ 4 ] . Briefly, a single normalized cDNA library was synthesized from pooled RNA samples that had been purified from ticks subjected to various environmental exposures, including heat shock, cold shock, various acaricides, host odour, and infection with B. bovis. The acaricide exposure experiments utilized several strains of R. microplus that varied in their levels of susceptibility to pyrethroid, organophosphate and the formamidine amitraz. We also included RNA purified from eggs, nymphs, adults and dissected adult tick organs. Normalized eDNA libraries were also made from horn fly embryos and first instar larvae and screwworm embryos and second instar larvae. Approximately 8,000 EST sequences were obtained from each of these four libraries and the data combined into separate horn fly and screwworm EST databases, which were assembled into contigs for bioinformatic analysis. Protein domain analysis was performed by Reversed Position Specific (RPS)-Blast (ftp://ftp.ncbi.nih.gov/blast/documents/rpsblast.htm1) search against the Conserved Domain Database using a cut-off E-value < I x 10-8. Table 1 lists the number of ESTs and unique transcripts that are in our respective databases for the southern cattle tick, horn fly and screwworm. Acquisition and bioinformatic analysis of the 42,512 ESTs from the southern cattle tick has been previously reported [4, 5] . These ESTs assembled into 9,403 assembled contigs with 4,240 ESTs remaining as unassembled sequences referred to as singletons. Thus, 13,643 unique tick transcripts are represented in this database. Approximately 8,400 and 8,300 ESTs were obtained from sequencing the horn fly embryo and 1° instar larval libraries, respectively. Each library consists of approximately 2,700 unique transcripts. The ESTs from these two libraries were combined and assembled into 2,850 assembled contigs and 1,052 singletons for a total of 3,902 unique transcripts. Analysis of the screwworm EST data is not yet complete, however, approximately 8,000 ESTs have been obtained from each library and these will be analyzed in similar fashion as the tick and horn fly libraries.
RESULTS
Since these eDNA libraries were normalized, strict quantitation ofgene expression level is not possible with this data. However, Table 2 lists the most abundant protein domains found in the tick EST database. The four most common domains were the WD40, RNA recognition motif, P450, and trypsin-like serine protease.
During the bioinformatic analysis of the tick EST database, GO terms were assigned to the translated ESTs when possible [5; http://compbio.dfci.harvard.edultgilcgibinitgi/gimain.pl?gUdb =b_microPlus] . Table 3 lists those ESTs which were assigned the GO term 0004930 G-protein coupled receptor activity; assignments were based on Blast similarity to known GPCRs using an e-value cut-off of 1 X 10-25.
The horn fly EST database has also been assembled and analyzed. Table 4 lists the ten most abundant ESTs in the database containing the combined embryo and 1st instar larval sequences. Again, these libraries were normalized and cannot be used to quantitatively analyze transcript abundance. However, the 16S mitochondrial ribosomal RNA sequence was the most abundant in this library, 5-fold more abundant than the second entry of Table 4 . This RNA is involved in the translation complex ofmitochondrial gene products and may have a role as an energy-independent protein chaparone involved in protein folding [6] . Following the 16S ribosomal RNA were transcripts that occurred between 31 and 45 times among the unassembled ESTs, including a fatty acid-binding protein, a vacuolar H+ ATPase G subunit, NADH dehydrogenase Fe-S protein 8, and H3 historic, among others. 
DISCUSSION
The 13,643 unique transcripts present in the tick EST database represent a significant fraction of the likely protein-coding transcripts of this organism. While the fraction of transcripts represented in the horn fly and screwworm EST databases is lower, these databases form a good foundation for molecular studies. The number of unique transcripts contained in each of these three databases will likely increase significantly, as more sequencing is taking place using 454 platform sequencing technology (data not shown).
Domain analysis showed that the two most commonly occurring domains, WD40 and RNA recognition motif, were involved in structural roles such as protein-RNA or protein-protein type interactions. WD40 domains are short 40 amino acid motifs, often terminate in a Trp-Asp dipeptide, and are involved in a wide variety of functions such as G-protein coupling, RNA-processing, vesicular trafficking, and cell division [7] . The RNA recognition motif domain provides an RNA-binding platform which can be used to regulate post-transcriptional gene expression [8] . The cytochrome P450 (P450) and serine protease domains are enzymatic in nature. P450 domains are present in mixed function oxidase enzymes, which are involved in the metabolism of xenobiotics, including pesticides. Their relative abundance in our tick database might be explained by our use ofacaricide-treated tick larvae in several of the samples used to make up the pooled RNA, which served as the template for the normalized cDNA library synthesis. Finally, serine-type protease domains are critical to the tick with their role in digesting and processing the blood meal ingested during the larval, nymph, and adult stages of these organisms [9] .
Up to half of all market drugs target G protein-coupled receptors (GPCRs) [10] and identification of tick-or arthropod-specific GPCRs would present novel targets for discovery or design of compounds with acaricidal activity. Thus the putative GPCRs (Table 3 ) identified by Blast similarity to known GPCRs from other organisms is a useful beginning for investigating the utility of tick coding regions as potential targets for designing novel control chemicals. Identification of a greater complement oftick GPCRs would likely benefit from bioinformatic approaches such as the Binary Topology Pattern method, which looks closely at transmembrane region topology patterns to classify GPCRs [11] , because Blast analysis often returns few if any useful hits to tick coding regions. For example, Wang et al. [5] found that 66% of the unique transcripts from the tick EST database could not be assigned GO terms. 
CONCLUSION
EST databases for three major cattle pests have been synthesized and assembled as part of our research program aimed at developing novel control technologies for these pests. The cattle tick database likely contains a significant fraction of the gene coding regions of this organism, though deeper sequencing is expected to detect many low abundance transcripts. Although the horn fly and screwworm databases are smaller, further sequencing is ongoing, focusing on 454 platform methodology. Bioinformatic analysis identified a number of GPCRs as an initial phase of research aimed at finding putative targets for novel pesticide development.
